A two-dimensional assembly of charged colloidal particles induced by an alternating electric field was studied in real space by means of digital video microscopy. Phase transitions occur from a highly ordered colloidal monolayer to an isotropic suspension by changing the field strength or frequency (in the appropriate range). In particular, it is found that the strength-dependent phase transition is an infinite-order phase transition, in contrast with the frequency-dependent phase transition, which is a second-order phase transition. DOI: 10.1103/PhysRevLett.96.105701 PACS numbers: 64.60.Cn, 61.30.Gd, 64.70.ÿp, 82.70.Dd Colloids display intriguing transitions between gas, liquid, solid, and liquid crystalline phases. Such phase transitions are ubiquitous in nature and have been studied for decades [1] [2] [3] . In many cases the discrepancies between predictions and actual observations are due to the intricacies of the dynamics of phase diagrams. An aim of colloid science is to understand the underlying mechanisms of these transitions. Their study is currently stimulated by developments in direct imaging in model colloidal systems; the microscopic structure and dynamics of colloidal suspensions can be studied with atomic-like resolution.
Colloids display intriguing transitions between gas, liquid, solid, and liquid crystalline phases. Such phase transitions are ubiquitous in nature and have been studied for decades [1] [2] [3] . In many cases the discrepancies between predictions and actual observations are due to the intricacies of the dynamics of phase diagrams. An aim of colloid science is to understand the underlying mechanisms of these transitions. Their study is currently stimulated by developments in direct imaging in model colloidal systems; the microscopic structure and dynamics of colloidal suspensions can be studied with atomic-like resolution.
Phase transitions in two-dimensional (2D) systems have been the subject of intense scrutiny during the last two decades [4] [5] [6] [7] [8] . An important step was the development of the Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory [9] [10] [11] . In that theory, melting of a 2D solid involves two continuous phase transitions. Of the numerous experiments and simulations on 2D phase transitions of various colloidal systems in the past decade [12 -17] , a number of investigations report qualitative consistency with the prediction of the KTHNY theory. Discrepancies between experiments and predictions, concerning the order of the phase transition and the scaling of the phase behavior near the critical parameter [14 -16] , remain. These results have triggered an active debate on the various scenarios of phase transitions in 2D systems. In this Letter, we present an in-depth study on the order-disorder phase transition in a 2D colloidal system, induced by the strength E and frequency f of an alternating electric field (AEF). It will be shown that the transitions induced by the strength or the frequency reveal completely different and unusual patterns of critical behavior.
The experimental system described in Ref. [18] , known to be an almost perfect 2D system, has been subject to detailed study [19, 20] . The colloidal suspension consists of monodisperse polystyrene particles with a diameter of 0:99 m and a mass density of 1:05 g=cm 3 , sandwiched between two conductive glass slides. The volume fraction of spheres in the suspension is 0:2%. The colloidal spheres are negatively charged and the measured zeta potential of the spheres is ÿ26 1:6 mV. As shown in Fig. 1(a) , an AEF generated by a waveform generator is applied on the flat electrodes along the Z direction. The glass sample cell is clamped on the optical microscope. Consistently reproducible images are recorded into a computer by a digital CCD camera for 30 min after equilibrium has been established for the sample. The various patterns of colloidal assembly change with the field strength and the The thickness of the spacers is H 120 5 m. The continuous fluid flow (the black arrows) carrying the particles forms convective loops in the cell, which is consistent with our observation [21] . The outgoing and incoming steady flux of the particles gives rise to a constant density of particles on the surface under the AEF of a given f and E . This will allow the colloidal particles to reach the equilibrium condition under the circumstances [32] . frequency. The complete phase diagram of the colloidal phases induced by an AEF is summarized in Ref. [21] . As shown in Fig. 1(b) , two typical phase transitions were observed: one is induced by varying the field strength E between 2:8 10 4 V=m and 0:55 10 4 V=m at a fixed frequency of f 0:8 kHz (along the blue dotted arrow), and the other is induced by varying the frequency between 2.1 kHz and 4.2 kHz at a fixed strength of E 2: 8 10 4 V=m (along the red dotted arrow). The phase transitions can be described by defining a pair correlation function gr and a bond-orientational correlation function g 6 r [22, 23] :
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r i is the location of the ith particle in a field of N particles, and r ij is the angle between the bond connecting particles i and j and an arbitrarily fixed reference axis. Experimentally the correlation functions are calculated from the coordinates of the center positions of the colloidal particles, which are extracted from the digitally recorded images. Furthermore, the translational order parameter T and bond-orientational order parameter 6 are defined as follows. T is the correlation length in the exponentially decaying expression gr e ÿr= T . Similarly 6 is the characteristic exponent of the power-law decaying expression g 6 r r ÿ 6 . For the ordered 2D lattice (computer generated), the translational correlation length T of gr is quite large (40a) and the bond-orientational order 6 is nearly zero. For the isotropic liquid, T is close to a and 6 is larger than 0.5. Here, a is the diameter of the colloidal spheres.
The translational correlation length T and the bondorientational exponent 6 are chosen as order parameters to describe these phase transitions and determine the phase boundaries. As shown in Fig. 2 , the correlation length T and bond-orientational order 6 reflect exactly that phase behavior induced by the field strength E at fixed frequency f. T changes from the shortest range 1:5a to the longest range 14:3a [ Fig. 2(a) ]. When the field strength reaches a critical value C E 0:9 0:05 10 4 V=m, T starts to increase; when the field strength passes the value 2:8 10 4 V=m, T approaches the corresponding value of the solid state, whereas the bond-orientational order 6 [ Fig. 2(b) ] also follows the same critical behavior. The phase boundary between the liquid and the solid state at a fixed frequency (e.g., f 0:8 kHz) can be determined by mapping the variation of the order parameters. Figure 3 shows the order parameters of the frequency-dependent phase behavior at the fixed strength E 2:8 10 4 V=m. The critical frequency (f C 3:7 0:1 kHz) causing the order-disorder phase transition at a constant E and the corresponding phase boundaries can be determined in a similar fashion. Therefore the complete phase boundaries of the disorder-order phase transition can be determined in the E f phase space [ Fig. 1(b) ]. It has to be noticed that the frequency-induced transition is much sharper than the strength-induced transition. Comparing Fig. 2 with Fig. 3 , it follows that the relative transition window of the frequency-dependent transition is narrower than that of the strength-dependent transition [24] .
In the classical Landau-Ginzburg theory the phase transitions are classified according to the order of phase transitions [25] . This formulation leads to a good description of the critical behavior in terms of order parameters as the system tends towards a critical point. Normalized order pa-
, where S and L denote the solid and liquid states, respectively, are defined to examine the order of these transitions in our experiments quantitatively. These 
, are the fitting parameters; > 0 and < 0). This implies that the phase transition is in fact of infinite order, since all derivatives vanish at the critical point. The infinite-order type or Kosterlitz-Thouless type has never before been observed in an order-disorder phase transition [26] .
Because in another scenario the plots of ln 0 T and ln 0 6 versus lnf C ÿ f are fit by straight lines [cf. insets of Figs. 3(a) and 3(b) ], the order parameters T and 6 can be expressed by the function f C ÿ f as f ! f C . In particular, the parameter used in the linear fit is exactly equal to 2:09 0:03, indicating that the appropriate asymptotic form for the order parameters is f ÿ f C 2 . The first order derivatives of the function of the order parameters T and 6 are still continuous as the critical frequency is approached, implying that the frequencydependent phase transition is second order.
Although the essential physics behind the observed two different types of phase behavior obtained by changing the strength and frequency of the AEF remains unclear, correlations exist between the continuous phase transition and the interactions between the colloidal particles. Experimental and theoretical works have demonstrated that the 2D colloidal assembly induced by an AEF is governed by the competition between an attractive force, of electrohydrodynamic (EHD) nature, and a repulsive force, basically an electric dipole-dipole interaction [27] [28] [29] [30] [31] . The external electric field will polarize the colloidal particles and their double layers since the polystyrene particles are insulated by the water. One point dipole moment can be expressed as P i * i loc * , where loc * is the local electric field exerted on the particle; loc * " w =" s E * (" w and " s are the dielectric constants of the water and the sphere, respectively; E * is a uniform external field along the z direction). i is the polarizability of the polystyrene spheres. The dipole-dipole interaction within the pair is [31] U ij P i P j =r
where r is the interparticle distance between spheres i and j. ij is the angle between the electric field and the line joining the particle centers.
i is the complex conjugate of the polarizability. Here only the first order approximation of the interaction is presented.
For identical particles, the sign of the interaction energy is determined solely by their relative orientation with respect to the applied field. Only for unlike particles is it possible for the attraction to be transverse to the applied field, if the real and imaginary parts of the polarizabilities have the appropriate signs, i.e., Re i j < 0 [31] . On the other hand, the EHD interaction determines which force is exerted on the particles: a negative force generates a negative flow toward the particle, while positive forces drive fluid away from the particle. Two adjacent particles move toward each other when the force densities are negative. According to the calculation, the sign and magnitude of the fluid flow velocity can be changed by the increasing frequency. Under our experimental conditions, a negative velocity arises when the frequency is in the range from 0.4 to 2.0 kHz [29] .
When the strength is changed while the frequency is kept fixed, the field strength E affects both the EHD interaction and the dipole-dipole interaction in the same fashion. The decreasing field strength lowers the interaction until the interaction fails to resist the random Brownian motion of the colloidal particles. Therefore the crystalline monolayer starts to expand and simultaneously the positions of the particles become distorted as compared to the highly ordered lattice. As shown in Fig. 4 , the lattice spacing of the 2D crystallites (square dots) increases up to 25% above the value for the most compact lattice (d 0 1:2a) observed before the transition to the isotropic liquid. Alternatively, when the frequency is increased while the strength is kept fixed, the 2D crystallites maintain their lattice positions until the frequency reaches a critical value. The change in frequency changes the sign of the EHD interaction, which goes from attractive to repulsive. Subsequently, the lattice will soon decompose and return to the disordered state. As shown by the black circle dots in Fig. 4 , the lattice spacing remains constant throughout the applied range of frequencies at fixed strength. In other words, different characteristics of the interaction in the two scenarios of phase transitions result in different critical behavior, explaining the observed phenomena in terms of the difference in the orders of the phase transitions.
In conclusion, we have studied two scenarios of colloidal phase transitions induced by the field strength and frequency of an AEF. This intriguing phenomenon by which the strength-dependent phase transition is an infinite-order phase transition, whereas the frequencydependent phase transition is a second-order phase transition, can be correlated to the subtle competition of two parameters of the external AEF. This experimental accessibility coupled with their rich and varied phase behavior set colloidal suspensions apart as an unusually powerful class of model systems for studying the microscopic processes underlying structural phase transitions.
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